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1. SUMMARY

This report presents the analysis of the Space Shuttle Rudder/
Speedbrake (R/SB) subsystem using the Continuous System Modeling
Program (CSMP) to evaluate the Rockwell math model contained in
Rockwell publication SD 74-SH-0324 (reference 1). The R/SB sub-
system fits into the overall avionics system as depicted in

figure 1-1.

The report describes the CSMP program, its uses, some limita-
tions and its application to the R/SB subsystem model. The
appendices contain definitions of the constants and variables
used in the program. The report highlights three (3) areas of
analysis: 1) step response, 2) ramp response, and 3) the delay
time or deadspace observed in system response. Data obtained
using the CSMP program was further processed in a continuous
format in a manner similiar to that shown in figure 1-2.

The step response is used to evaluate three (3) factors: 1) the
linearity of the output response, 2) the accuracy of the output
response, and 3) the response of the system to a step command.
Various step commands were separately addressed first to the
Rudder, then to the Speedbrake. When one channel was driven the

other was set to zero or null.

The Rudder displayed a 1 percent accurate output response for all
three commands, thus demonstrating acceptable linearity and
accuracy. The Speedbrake 4id not, however, meet reasonable
standards since accuracy and linearity were in error in excess

of 6 percent. The slew rate of both systems was fast enough to
meet maximum software speed requirements of 12 deg/sec.

The ramp command was used to evaluate two factors: 1) the
tracking ability of both the Rudder and Speedbrake, and 2) the

1-1
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ability of the hydraulic system to meet worst case specifications.
It was found that after initial system dynamics had settled out,
the system output followed the input with an undetectable graph-
ical error in both Rudder and Speedbrake response. It was also
found that the R/SB hydraulic motors were indeed capable of
meeting the specification supplied from Rockwell and that their
performarce would not overtax the hydraulic system.

The deadspace or system delay time to input command was found to
possibly be longer than expected but since there does not appear
to be any specification on this parameter, it was difficult

to judge.

Of the four contributors to the deadspace (the Servo valve flapper
motor, the Summer and Mixer gear trains, and the Power Drive Unit
(PDU) gear train), it was found that the PDU gear train contri-
buted the most to the deadspace. The PDU gear train was respon-

sible for over 57 percent of the delay.

It was established during the analysis that the deadspace was
command-dependent, i.e., as the command rate increased, the
deadspace decreased. A 10-deg/sec Rudder command exhibits a
deadspace of 75 milliseconds (ms) whereas a 5-deg/sec Rudder
command has a deadspace of 125 ms. This report contains methods
for the determination of both Rudder and Speedbrake deadspace

for various input ramp commands.

1-2
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2. INTFODUCTION

The R/SB subsystem is one of the major flight control systems
developed for use as primary flight control in the Space Shuttle,
This report presents a basic analysis of the R/SB using a 4-chan-
nel software model developed by LEC engineers from inputs by
Rockwell. Rockwell developed a mathematical description of the
R/SB (ref. 1) which was used in conjunction with CSMP I.I (ref.
2) to develop the software model used in this analysis. This
report makes use of the CSMP model to investigate some basic
system response characteristics such as linearity and response
time.

2-1
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3. CSMP PROGRAM

The CSMP program is an extremely versatile program with a variety
of useful capabilities. It features a debug subroutine which, for
a predetermined number of points, will list each of the variables
and their value for each integration sampling time.

One of the major advantages of CSMP is it. sort capability. The
computer will sort the equations as necessary, place them in order
and operate on them without the programmer being concerned with

the order of occurrence of the equations.

Subroutines are also available to allow for the handling of lst
and 2nd order functions without the necessity of programming
separate integration subroutines. Outputs can also be =nown in
logarithmic readout, standard readout, and other useful possi-
bilities.

A listing of the CSMP proyram used is given in appendix A. The
CSMP ; “ogram is broken into five separate sections:

l. INPUT JCL - initial setup instructions to computer.

2. INITIAL - system constants and initial conditions.

3. DYNAMIC - system equations.

4. TERMINAL - integration method and time, start time, finish
time, plot time, etc., necessary to produce outputs and
load in outputs to be plotted or listed.

5. OUTPUT JCL - sort and perform necessary operations to
produce output.

During the "reading in" of the data described in sections 2, 3

and 4 above, the basic CSMP program can be broke. into with
basic FORTRAN as a subroutine to pertform decision-making.

3-1
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There are some limitations, however, in the performance of the
CSMP model. Some of the more serious limitations are:

1. Since the computer performs as a sampling data system, a limi-
tation exists on the size of the sampling time for integration
purposes. These limits depend upon the intecration routine

: used and internral system oscillations encountered. Some I

recent experimentation with those limits resulted in the ’

determination that the 50 us integration time used i:. the e A

program shown in appendix A was in fact approaching maximum.

3 Using a larger integration time resulted in numerical insta-

' bility. The method used in the present CSMP integration

E process is the Runge-Kutta fixed step which, in this program,

works quite well with a 50 ps integration period.

2. The achievement of reasonable results in R/SB performance
requires large amcunts of CPU time. As an example, an average

l-second run requires almost 20 minutes CPU time.

3. There is a limitation on the total possible number of state-
ments which may be used in the model. The present model
utilizes over 580 statements which approaches the 600 state-
ment limit. This borderline condition prohibits any possible
large expansions to accomodate system changes. Elimination
of portions of the program will be necessary to accomplish
large changes which require additional cards.

Except for its few limitations, the CSMP program is a versatile
tool in the analysis of control systems.

: Appendix F contains a list of the variables and constants used in
the CSMP program and their definitions or functional descriptions.

3-2
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4. STEP RESPONSE

The plots obtained for 5-, 10- and 15-degree R/SB steps are given
in appendix B. The first six (6) plots contained therein are

the original CSMP computer printout plots whereas, the others
were obtained hy plotting the CSMP values using a HP 9820
calculator and a HP 9862A calculator plotter. For a further
discussion of this technique, see appendix G.

Of major concern was the accuracy of both Rudder and Speedbrake
deflections. Rudder input commands were based upon a 5-volt-input
level causing a 27.l-degree Rudder Hinge Line (RHL) deflection

of each panel in the same direction. Speedbrake input commands
were based upon a 5-volt input command causing a panel separation
angle of 49.3 degrees (RHL).

e I

After panel movement settled down to an approximate steady-state
value, a number of final points were averaged and this was used
as the steady-state value of panel deflection (or separation).
The resulting plots are shown in appendix B (B-7 through B-12).
Table I gives the results of this analysis. An obvious discre-

WRNS. TSI VTR

pancy exists here since the +15 degree Speedbrake step has not
reached its steady-state value. The 5- and 10-degree steps

have, however, and the error achieved here will be used in this

R e L R ST M e e

analysis. From this, it can be observed that the Rudder res- ?
ponse exhibits a reasonable error, but the Speedbrake is exces-

sive. Magnifying the 10-degree steps in both Rudder and

Speedbra¥~ steady-state graphs (B-9 and B-10) reveals that a

TS pi p M, B R Bt R b

20 Hertz oscillation exists on the output waveshape. This is
quite low level, however, with the peak-to-peak value being
down by over 23 dB from the steady-state value of 9.9003 volts
for the Rudder and 9.306 volts for the Speedbrake. The blowup K
reveals that the Speedbrake is still rising at a rate of 0.5
deg/sec. At this rate, it would take 20 seconds to arrive at :




*R is Rudder
SB is Speedbrake

e "ms RO TR T R rww };;-‘-‘T‘F‘f a”
i ‘
TABLE I.— STEP RESPONSE STEADY-STATE VALUES ;
Input Command No. of Errorxr
*
Type Step (Deg) Average boints (%)
‘é R 5 4.9495 50 1.01
; R 10 9.9003 | 50 1.00
! R 15 14.842 50 1.05
: SB 5 4.555 50 8.9
; SB 10 9.306 50 6.94
3! SB 15 No final ss**| 50 Undetermined
§ value achieved

i **steady state
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the 10-degree steady-state position. As shown in section 5,
this increase will become steady-state in well under 20 seconds.

The delay time from input stimulus to output response is also of

importance. The major contribution to the delay time comes from i
deadspace contained in the PDU gear train and in the Servo valve. 3
Some other contributions exist in the summer and mixer gears, but, \ "3
as shown in section 6, they are negligible. The delay times for %
the Rudder and Speedbrake step commands are given in table II
with respective plots contained in appendix C.

Values shown in table II are based upon the first usable point
given in the readout. The actual starting point will be occurring

in the 5-ms period preceeding the first usable point as shown in
figure 4-1. Linear interpolation could be used to obtain a more
accurate figure but since the system response is not linear, the
improvement in accuracy would, at best, be small. Therefore,
work in this area is found in section 5 which contains a general
discussion of delay for any command.

The slew rate of the response curves in figure 4-1 corresponds to
the maximum possible system response to an input signal. This

is the hardware limit of performance. The hardware limit must
exceed the software limit to allow the system to respond to maximum
possible system change commands.

A ¢ ~p command from the pilot will result in a ramp output from
the ASA to the input of the Servo valves as shown in figure 4-2.
(For a more detailed discussion of the input command, see appendix
I).

At the present time, the Autopilot rate limits the MDM ~mtput

to 12.1 deg/sec from the Rudder, 6.1 deg/sec (opening) and
10.85 deg/sec (closing) from the Speedbrake. The output panel

4-3




TABLE II.— DELAY TIME TO STEP COMMAND

Delay Time
Input Start Start Dela
Command | Response (Sec¥ i
(Sec) (Sec) -
RIN ‘
(Rudder) 0.005 0.025 0.020
SIN
(Speedbrake) 10.005 0.040 0.035
i
{
E
4-4
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Figure 4.2 - Input command waveshapes.
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speed for an input step must exceed these values for proper
performance. The slew rates for Rudder and Speedbrake are
given in table III. Since 5-, 10- and 15-degree step slew
rates are the same for both Rudder and Speedbrake (see appen-
dix B), only the values for a l0-degree step are listed.

The Rudder slew rate corresponds to the change in the left panel
position (LPDEG) and the Speedbrake corresponds to the change in
the angular separation of the Speedbrake (DSBRHL). Both values
are RHL and fall well outside of the minimum opening panel
deflection rates of 12.1 and 6.1 for the Rudder and Speedbrake.

4-7




TABLE 1II.— RUDDER AND SPEEDBRAKE MAXIMUM SLEW RATE

3 ‘ Command Slew Rate (deg/sec)
" §
T
)b Rudder 10-deg step 34.07
- Speedbrake 10-deg step 21.20

PTG S
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5. RAMP RESPONSE

This section reviews the response of the R/SB systems to ramp
input stimuli. Each of the four input channels in one of the
systems (Rudder or Speedbrake) is addressed with a ramp while
the four channels of the other system are addressed to the null
(zero) position. All components are taken as operational and at

a temperature of 100° F. .

Figures 5-1, 5-2, 5-3 and 5-4 give the output (RIN1l vs LPDEG or
SIN1 vs DSBRHL) for Rudder and Speedbrake input commands. Figures
5-2 and 5-4 demonstrate that the R/SB outputs follow the inputs

so close that an error is undetectable. To obtain meaningful
results, it was necessary to okserve Rudder performance for

over 2 seconds and Speedbrake performance for over 6 seconds.

As can be seen, the delay on these final segments is constant,
being 78 ms for the Rudder and 450 ms for the Speedbrake.

Initially, at the beginning of response, the situation is quite
different as shown in figures 5-5 and 5-6. The initial delay in
the action of the panels is caused wholly by the hysteresis dead-
space. This is discussed and shown in more detail in section 6.
After initial response of the panels to the stimulus, the system
exhibits an additional slowness in coming up to speed. After
running speed is reached. the system overshoots and then, after a
period of time, returns to following the input command. This

is characteristic of the ramp response of a working hardware model
where the motor speed comes up to rate? speed then overshoots and

dampens out to follow the input.

In May, some information was received from Rockwell in a letter

concerning their mdel. Graphs were sent of the R/SB performance
which included the hydraulic motor speed for a single motor with
three (3) opera.ing, output panel position and output panel rates
for both Rudder and Speedbrake. The informatien received corres-
ponded to a 10.03-deg/sec Rudder command and Speedbrake commands

5-1
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respectively. Graphs con'. ned within this letter are contained
in appendix D for reference. Also contained in appendix D are
corresponding CSMP plots. Prior to receipt of this data, a
telephone conversation with personnel at Rockwell revealed that
for 3-motor operation, the Rudder motor speed-per-motor should be
2850 rpm and the Speedbrake motor speed for a single motor should
be 2550 rpm. The plots contained in appendix D show the results
found in table 1IV.

The Rockwell model had given the motor speed for 10.03 deg/sec.
This has been interpolated to 6 deg/sec which is the value given:

10 deg/sec _ 450
6 deg/sec X

rad/sec

270 rad . 60 sec N 1l rev

X sec 1 min 2 mrad

i

2578 rpm

Speed for the Lockheed values were taken as an average over a
number of points, as shown in figures D-3 and D-8, using methods
in appendix G. Note that the Rudder error in Lockheed's model is
very small whereas the Speedbrake error is over 2 percent. It
has also been determined that the stated motor speeds are well
within the capabilities of the motors as their capability is
dependent mainly upon the maximum possible flow., Appendix E
features a writeup of the necessary fluid input to produce a given
output rotational speed. Maximum output speed for 3-motor operation
is that for the 12.1-deg/sec Speedbrake closing. Using interpola-
tion:

(12.1) (2850) rpm -

Speed = 10 = 3449 rpm

For a speed of 3449 rpm, the motor input will have to be about
7.8 gallons per minute (GPM), well within the 22.3-GPM maximum
(ref. 1 para. 3.1.2.4.4).

Since the 12.l1-deg/sec input command is the software limit, it
represents worst case and it is easily seen that both Rudder and
Speedbrake hydraulic sources will be capable of producing the
necessary input flow.
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TABLE IV.— COMPARISON OF MOTOR SPEEDS

Motor Speed

Type Of Rate Rockwell | Rockwell | Lockheed
Input (deg/sec) telephone model {(RPM)
(RPM) (RPM)
Rudder 10 2850 2836 2848.8
Speedbiake 6 2550 2578 2611.2
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6. DEADSPACE

For this analysis, the deadspacel, or "deadband" as it is sometimes
called. is the time elapsed from the input stimulus to one or more
hysteresis loops to the time when the output responds. Observed

in this section are the effects of each individual loop upon
deadspace and the total cumulative effects of all loops.

Appendix H plots give the deadspace measured in all four hysteresis
loops for both Rudder and Speedbrake performance for a 10-deg/sec
Rudder and = 6-deg/sec Speedbrake command. This section, however,
deals withk their effects for various commands and how to calculate

the deadspace for any input command (see figure 6-1).

There are fourteen (14) hysteresis loops located in the R/SB
subsystem. Four of these are common to both Rudder and Speedbrake
command responses, whereas the remaining ten are peculiar to either
Rudder or Speedbrake command chains. Table V lists the location

of each hysteresis loop, the value in arc-min, and approximate time
contribution for a 10-deg/sec or 6-dey/sec Rudder or Speedbrake
command. Note that a Rudder 10-deg/sec command will not be felt
equally at the beginning of the first loop as a Speedbrake 10-deg/sec
command. This is caused by a variation of input factors called KRV
and KSBV. KRV is shown in figure 6.2 with KSBV in a similar position
for the Speedbrake. For a further discussion of the differences,

refer to appendix I.

A series of various input Rudder commands were input and the
cumulative effects of hysteresis deadspace were plotted as shown
in fiqure 6-1. Each plot point is the cumulative time from input

stimulus to the first observed output response.

hs nbserved, the largest contributor to deadspace is the PDU gear
train. Although the value for the PDU gear train hysteresis is

Ibeadspace pertains to the special DEADSPACE function utilized
in CSMP programming (see reference 2).

6-1
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TABLE V.— HYSTERESIS CONTRIBUTION TO DEADSPACE

Brsteresis | peseriprion | ralag | Tieg, ™" @ogrece)
1R Flapper torgque motor 0.4 0.014 10 R
\ 2R Flapper torque motor 0.4 0.014 10 R
-; 3R Flapper torque motor 0.4 0.014 10 R
4R Flapper torque motor 0.4 0.014 10 R
Y 5R Summer gears l163.8 0.015 10 R
1SB Flapper torque motor 0.4 0.0.6 6 S
25B Flapper torque motor 0.4 0.036 6 S
3SB Flapper torque motor 0.4 0.036 6 S
4SB Flapper torgue motor 0.4 0.036 6 S
58B Summer gears 163.8 0.020 6 S
*1R/SB | Mixer gears left panel 71.8 0.003 10 R
*2R/SB | Mixer gears right panel 71.8 0.003 10 R
*3R/SB | PDV gears left panel 10.0 0.043 10 R
*4R/SB PDV gears right panel 10.0 0.043 10 R

*Time shown is for 10-dea/sec Rudder command only.
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apparently much less than some of the other values shown in table V,
its deadspace is disproportionately greater. This is caused by

the large gear ratio that exists from the motor outputs to the
panel. This gear ratio is 5,099:1 for the Rudder and 15,472:1

for the Speedbrake.

From figure 6-1, it can be ascertained that the output delay is
approximately 4 times the input delay. This means that the

0.074 sec delay for the 2 deg/sec run will take 0.29 seconds to be
felt on the panels.

By knowing the delay involved in the first loop, the remaining
hysteresis deadspace can be found easily by approximation. This
factor of 4 applies to the Rudder only. The Speedbrake was not
run for various inputs as was the Rudder, but from the 6 deg/sec
command, it is easily found that the factor is 11.

1. Rudder deadspace output panel movement is:

" (4) (0.145) _ 0.58
Deadspace = slope of input slope

i.e., 10 deg/sec 2 0.058 sec deadspace

2. Speedbrake deadspace output panel movement is:

(11) (0.08) _ 0.88
slope of input slope

Deadspace 2

i.e., 6 deg/sec X 0.146 sec deadspace.

A block diagram of the first hysteresis loop is shown in figure 6-2.
This shows one channel (of a 4-channel servo valve) from the input

command to the flapper torque output.

Figures 6-3 and 6-4 show the times for various input commands to
reach threshold. These are further listed in tables VI and VII.

A single 10-deg/sec run was made without the hysteresis loops
present to determine if there were other unknown factors contributing
to the deadspace. This is given in figure 6-5. Although figure
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TABLE VI.— RUDDER DEADSPACE FOR SERVO FLAPPER VALVE

famp Ineut | for output |- theouon
(deg/sec) of Flapper Servo Flapper

(sec) (sec)

0.1 1.3815 1.3765
0.2 0.6932 n.6882
0.3 0.4638 0.4588
0.5 0.2803 0.2753
1.0 0.1427 0.1377
2.0 0.0738 0.0688
3.0 0.0509 0.0459
4.0 0.0394 0.0344
5.0 0.0325 0.0275
6.0 0.0279 0.0229
7.0 0.0247 0.1967
8.0 0.0222 0.0172
9.0 0.0202 0.0152
10.0 0.0187 0.0137
12.1 0.0164 0.0114
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TABLE VII.— SPEEDBRAKE DEADSPACE FOR SERVO FLAPPER VALVE

Ram Delay in

In Et Servo Performance |Actual Delay
P (Sec)
0.1 2.5099 2.5049
0.2 1.2570 1.25290
0.3 0.8397 0.9835
0.5 0.5058 0.5008
0.7 0.3627 0.3577
1.0 0.2554 0.2504
2.0 0.1302 0.1252
3.0 0.0885 0.0835
4.0 0.0676 (.0626
5.0 0.0551 0.0501
6.1 0.0481 0.0411
8.0 0.0363 0.0313

10.84 0.0281 0.0231

12.0 0.0259 0.0209

(=10




6-5 does not fully demonstrate this, the CSMP readout began listing
points for the output LPDEG at t = 5 ms, the start time {or the

input.

Some discreparcies do exist in the application of figures 6-3 and
6-4 beyond the 0.02 in-ib threshold. At this point, the sccondary
delta P feedback is no longer zero and therefore, begins to subtract
from the input. The graph will therefore begin to change slope as

the error begins to go to zero.

The values given in tables VI and VII were not graphically obtained
but were mathematically calculated using the HP 9820. Conseqguently,
they are more accurate than any values obtained from figures 6-3

and 6-4.

It must, therefore, be concluded from the information given that
the hysteresis, and only the hysteresis, is the sole contributor

to the deadspace.
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7. CONCLUSIONS AND RECOMMENDATIONS

The contents of this report were concerned with the analysis of

the Space Shuttle R/SB subsystem using the CSMP program to test

the Rockwell math model contained in Rockwell publication

SD 74-SH-0324. ‘

It was first shown how the program was implimented using the CSMP
technique and some performance limitations were given in using
CSMP. A brief overlay of the CSMP program technique was made with
a sample program and glossary appearing in the appendix.

The report discussed three (3) separate areas of system performance:
1) the Step Response, 2) the Ramp Response, and 3) the delay

time obtained in system respanse.

The Step Response was used to determine three (3) factors:

1) the linearity of the system, 2) the accuracy of the system,
and 3) the speed of the system in responding to a step command.

A 5-, 10~ and 15-degree step command was separately addressed to
first the Rudder and then to the Speedbrake. When one channel was

exercised, the other was set to zero degree step input or null.

It was found that the Rudder displayed a 1l-percent accurate output
response for all three commands, whereas the Speedbrake response
was in excess of 6 percent. The cause of this radical variation

in accuracy was undetermined. It possibly exists in a definition
of either the expected panel response to a 5-volt command not being
49.3 degre~s RHL or in some factor in the summing and mixing gear
trains. Further investigation will be necessary in this area to
pinpoint the possible cause of trouble. The lirnearity of the
Rudder was acceptable but the Speedbrake once again remained
unacceptable. This was, however, probably caused by the run being

too short to produce a true steady-state output response condition.
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The 5-degree run was successful, but the .-degree run may require
more time. Since both Rudder and Speedb:. e channels are identical
except for constants, this appears to be the only reasonable solu-
tion. It was also found that both the Rudder and Speedbrake would /

be hardware capable of meeting maximum software input commands.

It was found that a low level oscillation exists in step command

response. But it was such a low level that it is thought to be
insignificant for further study. Further testing will require

an observation of the oscillation but, unless it becomes signi- r
ficant, it will probably be neglected in future reports.

The ramp response was used to determine two factors: 1) the
tracking ability and 2) the ability of the hydraulic system to
meet specifications. The system was found to track very close

to input command, in fact, with an undetectable error in both
Rudder and Speedbrake performance. Oscillation was found to be
virtually nonexistant and undetectable in output response. The
speed of the hydraulic motors was compared with Rockwell-furnished
data and found to be extremely accurate for the Rudder and within
3 percent for the Speedbrake. The hydraulic flow into the motors
was compared with the maximum possible flow from the hydraulic
pumps and it was found that the motors would not overstress the
system for normal operation. Abnormal operating characteristics,
such as the failure of one or two motors, will be the subject of
a Failure Modes and Effects Analysis to be commenced soon.

The final section of the report dealt with one of the nonlinearities
of the system; namely, the results of the system hysteresis. It

was found that the system resronse was delayed from the input by

a large period of time. An investigation was launched into the

causes of this phenomena and the severity of its occurance. It

was fcund that the cause was solely the hysteresis loops contained
within the model. The severity of the phenomena remains unknown ~
since there appears to be no gauge as to its magnitude. The

7-2
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Rudder was found to exhibit a delay time (or deadspace as it is
called in this report) of 75 milliseconds whereas the Speedbrake
was in excess of 200 milliseconds. The Rudder input rate was

10 deg,’sec whereas the Speedbrake was 6 deg/sec. It was further
found that, because the hysteresis loops created a threshold
which had to be surpassed, the deadspace was command-dependent.

An approximate mathematical technijue has been developed in this
report to determine the deadspace for all possible input commands.

o~
g

This report leaves several unanswered questions. The most prominent

of these is the large steady-state error in Speedbrake performance.
Since the Speedbrake involves the use of both panels separating

in opposite directions, it is conceivable that the observed error
could be twice that of the Rudder. This does not, however, appear
to be the case since the error is in excess of 6 percent. This
issue needs to be persued in greater depth.

Another item of interest is the large deadspace observed in both
Rudder and Speedbrake output responses. This, as was observed,
was solely the contribution of the hysteresis contained in the
system and not some other ambiguous factor. At present, there
appears to be no specification to cover this problem.

Future runs need to focus on these two items in particular,
especially linearity. Critical items such as changing ASA gain
and panel load factors will continue to create new runs to deter-
mine response tce design changes and/or modifications of parameters.
A failure Modes and Effects Analysis is also scheduled. During
this study, the output response caused by such failures as

failing a single motor will be observed.

The results herein will be used as guidelines, when possible, in
the design of a R/SB subsystem hardware model. However, since
the system is very fluid at the present time, the information
contained herein will probably change vith the hardware model
following the latest designs.
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12. — DSBRHL magnified to observe oscillation.
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APPENDIX C

INITIAL STARTING POINTS
(RESPONSE DELAY)
TO A STEP COMMAND
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APPENDIX D

RAMP RESPONSE CURVES
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Input to secondary actuator for
Rudder input.

Input to secondary actuator for
Rudder input.

Output force from a
a 10~deg/sec Rudder

Output force
a 10-deg/sec

APPENDIX D FIGURES

speed of a single Rudder hydraulic
for 10-deg/sec Rudder input . . . . . .

speed of a single Rudder hydraulic
for 10-deg/sec Rudder input . . . . . .

speed of a single Rudder hydraulic
for 10-deg/sec Rudder input . . . . . .

Rockwell motor speed of a single hydraulic
motor for a 10.03-deg/sec Rudder input. . . .

Left panel angular speed for a 1l0-deg/sec
Rudder input.

. - - - - - .

Rockwell panel speed fcr a 10. 03-deg/sec
Rudder input.

speed of a single Rudder hydraulic
motor for a 6-deg/sec Speedbrake command. . .

speed of a single Rudder hydraulic
for a 6-deg/sec Speedbrake command. . .

Rockwell motor speed of a single hydraulic
motor for a 10.03-deg/sec Speedbrake input.

Rate of Speedbrake opening for a 6-deg/sec
Speedbrake command.

- . . - - . -

Rockv+. 11 panel opening for a 10.03-deg/sec
Specdurake input.

. . - . L] . -

a 10-deg/sec

e o o ! e e e

a 10-deg/sec

. . . - . » »

secondary actuator for

secondary actuator for

Total fource output of 4 secondary actuators
for a 10-deg/sec Rudder input .

. - . . - . .
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Rudder power spool position for a 10-deg/sec

Rudder input. .

Input hydraulic
hydraulic motor

Input hydraulic
hydraulic motor

3 . . - . . . . . - - - . . L] . .

flow to a single Pudder
for a 10-deg/sec Rudder input . .

flow to a single Rudder
.or a l0-deg/sec Rudder input . .
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APPENDIX E

MOTOR HYDRAULIC INPUT VS MOTOR SPEED
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APPENDIX E FIGURES

Hydraulic input flow vs motor speed .
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From ref 5, page 65, the volumetric isplacement is equal to:

Q
Dmg_plg_e.];
y rev
m
where:
D = volumetric displacement, %%%
[4
Q, = flow through the motor iﬂi
£ ' rad
s rad
Om = shaft speed of motor, Sec

For a shaft speed of 2853 rpm with Dm given as 0.52 (ref 1), the
flow is therefore:

Qp = Dm ét mass

3
(0.52) (2853) N_rev/ . 1 gal

rev min 231 IN3

6.42 gpm
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APPENDIX F

LIST OF CSMP CONSTANTS AND VARIABLES
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APPENDIX G

5 ) DISCUSSION OF USING HP9820 FOR PLOTTING
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Ir the preparation of this report, the author has made extensive
use of the Hewlett Packard HP9820 calculator and HP9866A Calcu-

AT RS

Rk Ll R r

lator plotter. This was accomplished to remove data from the

IBM 360/75 printer plots and to clarify this information.

The

line printer can plot 10 characters per inch, but cannot plot

between these characters whose plotted position is approximate.
The HP9820 plots with such accuracy that the error is virtually

undetectable and hence, a more accurate plot is produced from

which information can be extracted.

Another useful function of the HP9820 was to determine the average

value of a number of points.

tape for convenience.

This listing appears as figure G-2
(page G-7). Both programs have been loaded onto cassette magnetic

LY e O

Figure G-1 (page G-3) is
the basic listing of the HP9820 plotting program.




o ‘;'r,,iilae:u mc «smz FILE 5“ “PLOTT!NG moanan :o m
. kMO RSTOZI TR
jff’spc LIENT X MAK* R, "X nxu'.xz P
3 ENT  MUMBER FOLivFs 27 b mﬂv?,ﬁs,“v HIN“sRS t
3  $&§‘q;ear‘frarag;Faxhxg‘=»}a SFXD @8IPRT “smvmt*s
3MRK"SRL R MINTGR2 [
CPRT ¥ MEX"s®S5s " MIN")RE43PC 3 C
.‘isht "DELTA % TIC'sRITENT “LEuTA ¥ TIC»R7IENT °X §
TER ="2R13 [ | R iy
ENT "o DECLiA 5"+ 7 LIZENT “NO TECINALS Y™ oRIZ [
PRT "CHAR CODE"."L PLUT %05"2 BLIT #° L
FRT *3 PLOT G+ ELIT 1°+"5 PLOT €71 "6 PLOT ¥" I
PET "7 PLOT 4 & FLOT ."» "9 FRINT LINE S4"3SPC 1 I
: " (R1-R23/R3 TO R93¢(RS-R6).R? TO R1® [
t (R1-R2)/18 TO R} (RS-RE><10 TO B5@ TO ( TO RO [
1+4C TO C3JMP CR3MA
13t 1+R@ TO R@SJMP RORTOE [
14t R2-CP3 TO R4RE-RBR? TO RS [
15:  SCL R4»R1:REIRS [
16: AXE R2,REsR3»R73.0832(R1-R43 TO 5@ TO BIFXD R11 [
17t LTR R2+BR3-2R8:R2» 2125PLT RZ+BR3; JMP (1+4B TO BIXRY [
181 .B032<R5-R3) TD AIB TO BIFXD R12 [
19:  LTR R4»RE+BR7-4R+2113PLT RE+ER7IJUP (1+4B TO BI3R10 (
201 23PRT "FOR COMPLETE"»"LIST OF ¥»Y"»"DATAs DATA
- =1"§SPC 13ENT "DATA?"sR23 [
21t ENT "CHAR CODE®»Ci@ TO B TO R14§IF Ca93GTO S1
221 ENT "1 TO CONNECT PT5"sBiPEN (

5'5 23t ENT "PRINT DECIMALS"»R135FRT "DATR" [
c-3 REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR




BRI, SRS
™

241 CFG 1331X+R19R18+R2R24 TO XFIF (2+1 TO 2)>R2?73GTO 51
251 0 TO Ra431F R23=03 JMP 2 L

261 FXD @FPRT “NO. “»ZiFXD R13IPRT "X=",XJENT "Y=",ViP

RT “Y="s¥§SPC 131 TO R19JMP 2 [

27t ENT “Ye*,¥11 TO RISIFXD @IPRT Z3FXD R13 [

281 IF R14m@YJMP 3 I

29t IF B=0IJWP 2 [

38:  PLT RISHRIE [

31t PLT XiYIPEN

32t LTR X-R@yY-Rs111 [

33t IF COLIJMP 2 I

341 PLT "X"1GTO 49 ( :
35t IF CO25MP 2 ¢ | : : |
ok 36 PLT “e"tGPo'™d [ - - ... | j
T 37t IF CO3UMP 2 I P
O B 38: PLT "0"3GTO 49 [ 5
33: IF CO4IMP 2 [ f ;
48t PLT "D IGTD 4% [ éﬁ 3

41: IF COSPJMP 2 ¢ |
421 PLT “C"IGTD 49 [ ;
431 IF CO6JNP 2 g

x
| 441 PLT "Y"IGTO 43 [ L

‘ 45:  IF Cx73JMP 2 : 2

46t FLT "0 L y
| 47t IF C8IGTO 54 ( ‘;
| 48t PLT " " I §\ %
| 49t FEN SLTR XoVIPEN §IF 2+1=R275DSP 'LAST FOINT"s" " : ;

3 :
"LAST POINT"y" " I E
:




e e TS R

R T T R T R SR

R14+1 TO R143iX TO R1S3Y TO R163GTO 24 (
SPC 3iDSP “CONT", "CONT"," INUE"» “CONTINUE"JENT
"ERRORS?"sC3IF C # 135GTO 66 [

ENT "ERROR X LOCATION"»R25,"ERROR ¥ LOCATION">R263
LTR R23sR26s211 [

FLT "PLOT ERROR--"iJMpP -2 [

LTR R2+4,8(R1-R2)yR6~.BZ (RS- >52115PLT “TIME(SEC)~

R

LTR R2-.01(R1-R2)sR6+.3(R5-R6)s 21235 PLT "RESPONSE--
——t

ENT "STRRT LABEL ®"sRHs "START LRBEL ¥"sB [

LTR AsBs2115PLT "1@ DEG~SEC RUDDER COMMAND" (

LTR RyB=-.A3CRS-REI+2115PLT "3 IS" (

LTR RsB-.D6(RS-PEIFLT "+ IS" [

LTR AsB-.B83(R5-RE:IFLT "LOCKHEED ELECTRONICS CO" (
LTR RyB~. 12¢RS-REVIPLT "HEHWRY DUKE" [

PRT "PRIHNT DRTE =1"35FC ZSENT "DATE 7"sR283FXD 051
F r28=036T0 6% (

EHT "MONTH"sRZ9s "DAY"+R38s "YEAR"+RI1IFS~-R6 TO R335LT
F RsB-.15R335PLT R29 [

LABYECRI-R2) TD R3IZILTRE A+ZR32:B-.15R3I3FPLT "~"3LTE
R+3R32sB-. 15F33 [

PLT R3BILTR RA+SR3IZ2+B-.19R3IZIPLT "-"3LTR A+6R32,B-.
1SR33SPLT R3L L

FRT "END =@"y "HEW PLOT =1"y "I.LABEL =2"3SPC

2 [

EHT "DECISION:"+R22VIF REZ=A3FRT "DECISION END"IGT

RBPRODUCIBILITY OF THE
G-5  ORIGINAL PAGE IS POOR




IF R22=13FRT "NEW PLOT"IGTO 71 [

IF R22=23PRT "LABEL"3iGTO 54 [

IF R22>2§PRT “DECISI&N ERROR"IGTO 67 [
71t EHT "HUMEBER FOINTS"sR2F

S~ o &
[¥1) (s 1]

[
[ 1]

2: B TO X TO R19 TO 281 TO R245ENT i STEP="sR18 [
7:3: .BB3ZCR1-R4) TO RO3@ TD ESFAD R117.8832(R5-R8} TO AyE T B
$FSD R123GTO 21

T'd: PRT "4-d—t-d—t=t=4-  AGPC B[

TS: END I

¢ - " " = ' R i A S 0 A A L.
Y A wmn&hﬁaﬁﬁtﬁm&&ﬁ%y&mﬁﬁ&ﬁmxmi i s s e st ot n e bt s 2 s re T NP, . -




o

18:

[
[ ]
as

TR T S e
AR

3

1

1

¥

REW §PRT “"~d=tet=t=p-t=4-"4 "PROGRAM FOR"» "CONTINUOQ
15"+ “AVERAGE" [

PRT "e=ecsmac e e "§SPC 2 (

6 TO ROI® TO X309 TO YIENT "DECIMALS"+BIFXD B (
RO+1 TO RO L

ENT “VALUE"sRROIIF FLG 135JMP 3 L

RRA+Y TN ¥ [

X+1 TO XiJdWP -3 [

TN TO ZEPRT "HO POINTS=",Xs "AVERRGE="+2 [

FET "=—=——- EHD-mm— e "ICFG 13 (

PET "MEW PLOT=1"s"CONTINUE=2","END=3"3ENT "DECISIO
H?"sA L

IF R=13JMP -8 (

IF R=23JMP -3 [

FET "———=—- STOP——--~~ "SESPC e L

END [

ILITY OF THE
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G-17

peS—

. R ;
BT AT WO OO N N v AP U .“JA;‘:}I,.,».:L.‘;L‘H. T T e T

-l S e o e



. e (s
iy s R T T P

[TV

H-1

APPENDIX H
DEADSPACE PLOTS

R

: At
s
"

T * ri




APPENDIX H FIGURES

Figure Page y

H-1 10-deg/sec Rudder servo valve hysteresis . . . . H-3 |

H-2 10-deg/sec Rudder summer valve hysteresis. . . . H-4

H-3 10-deg/sec Rudder mixer valve hysteresis . . . . H-5 § :;
H-4 10-deg/sec Rudder PDU valve hysteresis . . . . . H-6 E k
H-5 6-deg/sec Speedbrake servo valve hysteresis. . . H-7 % f %
H-6 6-deg/sec Speedbrake summer valve hysteresis . . H-8 “ i
H-7 6-deg/sec Speedbrake mixer valve hysteresis. . . B-9

H-8 6-deg/sec Speedbrake PDU valve hysteresis. . . . H-10

e T R O ST

OF THE
REPRODUCIBLY m 5 POOR ;
ORIGINAL PAGE 18
H-2
: e e - i f




]
w
m
]
]
:
.M
:
:

TG AREEE T T R m R TR T s B S e T e s e e

LG I

- E=(OIHMIL

"x

*ST153133SAY SATeA OAI3S I2ppny O03s/bap-QT — *[-H 2anbrg

8 3 2 B B

2

-+
J

21 NI 28 - (NOHS3RH) SISIN3LSAH

«Lng
CLNAN|

235 hi@ - DudS®]

S-2- ¢

30 AMNH

O 22IMRL23IT J33H00
HOLOW OAM3S) INILN 51 0
HOLOW OA¥IT)Y |1H St X
ONBMOD ¥3Q0NN D3S5/930 B¢

2 !

2en!

H-3




—
L,

‘STS33193siYy saTea zsummns I93ppny o38s/bap-gT1 —

] Z B

——(235)MI1

& & B &

%

TR T TORSSEAT STSIEITERH

<+

*Z-H sanbtg

fic

;"

3L~ 2- L
3ANQ AMNH

D S>ININLIIT CEI00
CHY SNYIGHY) 817130 51 O
CHY SNY QU ONNSANY 51 X
ONBMDD H300NY >35/93q B|

-

J
+ s
¢” aas
m
2
L e

———e >




B Lk

*S1S3193SAy 9ATEA IS9XTW I3ppny 08s/bap-07 — "£-H 2anbty

B B R

E—IFWHMIL .,

£

LLSHREPR ~-TWHSRHL S153M31SAH

SL-2-L

INa AN

D DINRLITB AHOom
(MY SNUIGHR) XiWd1 51 0
(MY SHI) Xd1 51 X
GNMD M30AR D35/930 B!

— NI AR TOW

Baas




-
-
o

R S et o A S L R AL e AN SR AN

»

AR AEA LN RO MR S e AL R IS et S L BRSSO o oA stRNl B SRR i B S S ot e sl T it s
-

-sTsa193siY 9ATeA Ndd I9ppny o8s/bap-01 — °"y-H 2Inb1l4
i > g Bl B 3 8

—(OFTMIL

QI
2

b
r

BBBGZEE - CIOHSRHL 55RS!5H

St-e2-L

IO ANNH

D SDINRILID OO
(Y SNHIQHY) SHHd1 51 [
(Y SWIQHY) NiHd G X
ONAMID {30aM 235/934 81

—(HIa) THW



L-H

. @eee

6 DER/SEL SPEEDBRAKE (MMARND

X 15 ST) (SERVOD MOTOR NPT )
0 15 STINI (SERVD MOTOR o
LOGHEED ELECTRINICS <D

HENRY DAKE

& -I¥7S

—

DERDSPACE -.836 SEC

S —

_
.
L]
!
_
_ STERES|S THRESHOLD -.B2 IN-LB

e

"
-

YIRS
«c B & &8 @ g8 E & £
Figure H-5. — 6-deg/sec Speedbrake servo valve hysteresis.

h . A“*mm.‘



S

b |

*sTS91935AYy DA[RA IduMNS IYeaqpaads oos/bap-9 - °*g-H 3anbrty
= m = & - - 3 B B

¢4 2FMIL

|

/

DORITIH 8 R---DidSdId

5L h1- 8

3610 AMNH

D SDINRDIT @O0

Y NHIGRDESLITC 51 O

(1 SNHIGR) WNSES S1 X
ONHWRD DERIBQI3d5 )35/93 9

) T

3]

H-8



B3l

A W

.

*STS9I935AY @ATleA I9XTw ayeagpaads o8s/bap-g9 — - /-H aanb1g

g

€—(DIMIL_

Y

21

el

B 3 B

—_
¢

a8

r o ~QHHEINHL S!S3M31SAH

| _

SOISITUH @& B1—DHdS®MId

SL+hi-9

JAG ANNOH

D SOINRLOIT aAWM001
(HY SNHIGH) XIWdY 51 0
(HY SNYIQGN) Xd1 51 X
ONBMD DMY9@I3dS 5735/930 9

T T

Baa -

-

gras

()il

Co 1T it

AR

e

RIGTNAL A

A}
Ea

REPRODUCIBILITY OF THE

.

H-9




TET T T TR T g T T T TN R SRR TR e T

*ST1S2193sAY 9ATeA Ngd oxeaqpoaads ooes/bosp~g — °g-H 2ianbtg
e B A & = = ™ =

€--¢O35)3Mi 1

+

[ 6B -0 OHS3HL SISR{OLSAH

| e G351 THH 5 2h 1 --DHISM3] 3 |

S5i+hi- 8

3400 AMNGH

I DINOHLO3ITE @O
(Y SNHIQHM) SHHdT S1 0
(HY SNYTQHRY) NIHdT 51 X

ONUWWGD 3BMRQ33dSs D35/934G 9 T

+
+

¢~ | @) T

E
s

| 50881 A

E

H-10

-




W‘y'-_qwq,-,«-wvr-‘rw-"—«—-vw—«»—w—m--v—n—mn-a:—.wwn,—vw;aw—wwnzm—vm.- A g R TRV AT TR S LR RERA ,‘, A

APPENDIX I

DISCUSSION OF INPUT COMMANDS

=

L f

: ,

E

}

5 - o . T . ‘\ |‘

I-1



R SR

SR

——

v e |

Figure

I-1

¥ T e O e e g

APPENDIX I FIGURES

Rudder/Speedbrake command channels .

Stairstep for Rudder/Speedbrake input.
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The input command from the pilot will probabiy be given as a
quick transition from one state t¢ the next in a very short
period of time. This is best represented by a step command.
This analog step will be sampled by the MDM (MDM &1 as shown in
figure I-1) at a 40-millisecond refresh rate and addressed
through the IOP to the FCS computer. The computer will then
determine the necessary commands to the subsystem to respond

to the pilot's requested ccrmand.

Since the computer, through software, sets up both position and
rate limits, 1t will determine the magnitude of each step of
the stairstep commanded to the subsystem. Position commands are
set at 27.1 degrees (Rudder) and\49,3 degrees (Speedbrake)
with rate limits presently set at \12.1 degrees/second (Rudder),
6.1 degrees/second (Speedbrake opening), and 10.85 degrees/second
(Speedbrake closing). ’

\\
A digital command is then sent through the IOP to MDM #2 where
it is converted to the stairstep analog <gumand which is

addressed into the Rudder/Speedbrake subs?stem through the ASA.

The value shown for the stairstep voltage wiil vary from a

10 mV minimum to a maximum set by FCS computer\:ate limiting.
The computer furnishes 10 bits to the MDM of which the highest
represents the sign. This leaves 29 bits or 512 rossible
absolute combinations. The weight of each combination is i0 mV,
therefore the maximum voltage output will be 5.12 volts. The
computer has set a position limit of 27.1 degrees for the Rudder
and 49.3 degrees for the Speedbrake, both of which are defined
as 5.00 volts (not 5.12 volts). Therefore the actual maximum
binary count is 500, not 512.

The refresh rate of the signal applied to the MDM is 40 ms,
therefore the time required for each step is 40 ms as set by
the FCS computer.

i
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At rate limiting, the slew rate required for each

(5.0 volts) (12.1 degrees)
(27.1 degrees) (1 second)

Rudder

(5.0 volts) (6.1 degrees)
(49.3 degrees) (1 second)

Speedbrake (opening)

(5.0 volts) (10.85 degrees)
(49.3 degrees) (1 second)

Speedbrake (closing)

The maximum voltage* step in 40 ms is therefore:

= 2,232

= 0.619

(2.232 volts) (0.04 seconds)

panel is:

volts
second

volts z
second ‘

volts

= 1.100 second !

e

0.09 volts

Rudder
(1 second)

(0.619 volts) (0.04 seconds)

x 0.02 volts

Speedbrake (opening) (1 second)

(1.100 volts) (0.04 second)
(1 second)

i

Speedbrake (closing)

*Rounded to closest multiple of 10 mv.

= 0.04 volts
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